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Key Points

Question: What risk factors contribute to COV ID-19 breakthrough infections among mRNA
vaccinated individuals? How do clinical outcomes differ between vaccinated but till SARS-
CoV-2 infected individuals and non-vaccinated, infected individuals?

Findings: This retrospective study uses CUIMC/NY P EHR data up to September 21, 2021.
Individuals who were vaccinated with Pfizer/BNT162b2, male, and had compromised immune
systems had significantly higher incidence rate ratios of breakthrough infections. Comparing
demographically matched pre-vaccinated and unvaccinated individuals, vaccinated individuals

had alower incidence rate of SARS-CoV-2 infection among all subgroups.

Meaning: Leveraging real-world EHR data provides insight on who may optimally benefit from

a booster COVID-19 vaccination.
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Abstract

Importance: Littleis known about COVID vaccine breakthrough infections and their risk
factors.

Objective: To identify risk factors associated with COVID-19 breakthrough infections among
vaccinated individuals and to reassess the effectiveness of COVID-19 vaccination against severe
outcomes using real-world data.

Design, Setting, and Participants: We conducted a series of observational retrospective
analyses using the electronic health records (EHRs) of Columbia University Irving Medical
Center/New Y ork Presbyterian (CUIMC/NY P) up to September 21, 2021. New Y ork adult
residence with PCR test records were included in thisanalysis.

Main Outcomes and M easur es. Poisson regression was used to assess the association between
breakthrough infection rate in vaccinated individuals and multiple risk factors —including
vaccine brand, demographics, and underlying conditions — while adjusting for calendar month,
prior number of visits and observational days. Logistic regression was used to assess the
association between vaccine administration and infection rate by comparing a vaccinated cohort
to ahistorically matched cohort in the pre-vaccinated period. Infection incident rate was also
compared between vaccinated individuals and longitudinally matched unvaccinated individuals.
Cox regression was used to estimate the association of the vaccine and COVID-19 associated
severe outcomes by comparing breakthrough cohort and two matched unvaccinated infection
cohorts.

Results: Individuals vaccinated with Pfizer/BNT162b2 (IRR against Modernasé9mRNA-1273 [95%
Cl]: 1.66 [1.17 — 2.35]); were male (1.47 [1.11 — 1.94%)); and had compromised immune

systems (1.48 [1.09 — 2.00]) were at the highest risk for breakthrough infections. Vaccinated
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individuals had a significant lower infection rate among all subgroups. An increased incidence
rate was found in both vaccines over the time. Among individuals infected with COVID-19,
vaccination significantly reduced the risk of death (adj. HR: 0.20[0.08 - 0.49]).

Conclusion and Relevance: While we found both mRNA vaccines were effective,
Moderna/mRNA-1273 had a lower incidence rate of breakthrough infections. Both vaccines had
increased incidence rates over the time. Immunocompromised individuals were among the
highest risk groups experiencing breakthrough infections. Given the rapidly changing nature of
the SARS-CoV-2, continued monitoring and a generalizable analysis pipeline are warranted to

inform quick updates on vaccine effectivenessin real time.
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INTRODUCTION

The ongoing global COVID-19 pandemic has infected hundreds of millions of people over the
world, imposing a tremendous burden on the global healthcare system. COVID-19 vaccines are
currently the best defense against the rapidly evolving severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), having demonstrated efficacy in preventing symptomatic COVID-
19 while being relatively safein trial studies'™. As of August 2021, about 50% of the total US
population had been fully vaccinated®. The Centers for Disease Control and Prevention (CDC)
have reported a small percentage of fully vaccinated people experiencing vaccine breakthrough
infections’. However, there are emerging concerns about vaccine breakthrough infections®.
Studies have been conducted to confirm vaccine breakthrough infections with SARS-CoV-2
variants using genome sequencing’ and to investigate clinical characteristics of the vaccine
breakthrough infections®*°. Here, we retrospectively analyzed e ectronic health records (EHRS)
from Columbia University Irving Medical Center/New Y ork-Presbyterian (CUIMC/NY P), which
ispart of the CDC-organized VISION Network for COVID-19 vaccine effectiveness
assessment™’. We aimed to address the following three questions: (1) what risk factors are
associated with breakthrough infection; (2) how effective are vaccines in reducing the rate of
SARS-CoV-2 infection in our available population; and (3) how effective are vaccines in

reducing the risk of SARS-CoV-2 associated severe outcomes among the infected population.

METHODS
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Study design and population

We used EHR data obtained from the NY P/CUIM C data warehouse. NYP/CUIMC isa
guaternary care academic medical center that includes an academic hospital, children’s hospital,
and community-based hospital serving a diverse patient population in northern Manhattan, New
York City (NYC). EHR data were collected and stored in the data warehouse during routine
clinical careat CUIMC/NY P. The EHR datais converted to the Observational Medical
Outcomes Partnership (OMOP) Common Data Model (CDM)*. All datainvolved in this

analysis were collected up to September 21, 2021.

Cohort Definition

Only individuals older than 18 yearsresiding in NY C were included for this study. OMOP
concepts related to vaccines were used to identify vaccinated individuals who received two doses
of Pfizer/BNT162b2 or Moderna/mRNA-1273. To minimize potential bias resulting from
missing vaccination records, vaccines records in our data warehouse were obtained from both
CUIMC EHR dataand the NY C vaccine registry. The two-dose interval requirement is 20-23
days for Pfizer/BNT162b2, and 27-31 days for ModernamRNA-1273; individuals with two
doses with 14 days of available follow-up after their second dose were considered fully
vaccinated. Individuals who received doses from more than one manufacturer or only received
one vaccine dose were excluded. OMOP measurement concepts and corresponding value
concepts related to detect positive RNA were used to identify individuals with at |east one
SARS-CoV-2 PCR test. Individuals with a positive SARS-CoV-2 PCR test, apositive SARS

CoV-2 antibody test, or a concept indicating a SARS-CoV-2 infection in the condition table were
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flagged as having evidence of SARS-CoV-2 infection. The details of OMOP concepts used for
cohort definition isavailablein eFile 1.
Based on the vaccine and SARS-CoV-2 status, we then constructed six cohorts as shown in
Figure 1 (with eFigure 1-3 providing more detailed breakdowns for each cohort); in brief, they
areasfollows:
“Vax” Cohorts: These two mutually exclusive cohorts refer to vaccinated individuals.
The entry date is January 18, 2020 (the first individual fully vaccinated). End date is Sep
21, 2021.

o “Vax positive’ (N =198): Individuals with a positive PCR test after full
vaccination and without evidence of SARS-CoV-2 infection before full
vaccination.

o “Vax negative” (N = 14,164): Individuals with a negative PCR test after full
vaccination and without evidence of SARS-CoV-2 infection at any time in their
records.

- “Pre-Vax” Cohorts: These two mutually exclusive cohorts refer to individuals at risk of
infection with SARS-CoV-2 during atime period when avaccine was unavailable. The
first allowed entry is January 1, 2020 while the calendar end date is December 10, 2020
(first dose available). Individualsin a“Pre-Vax” negative cohort can also beina“Vax”
cohort.

o “Pre-Vax positive” (N = 6,462): Individuals with a positive PCR test before the
vaccination period.

o “Pre-Vax negative’” (N =55,580): Individuals with a negative PCR test and

without any evidence of SARS-CoV-2 infection before the vaccination period.
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- “Un-Vax” Cohorts: These two mutually exclusive cohorts refer to individuals at risk of
infection with SARS-CoV-2 during the time period when vaccines were available, but
did not have avaccine administered. The entry date isthe same asthe “Vax” cohorts. Of
note, if anindividual receives afirst dose for vaccination, that individual exits the “Un-
Vax” cohort (and may later become part of a“Vax” cohort).

o “Un-Vax positive’ (N = 3,902): Individuals with a positive PCR test after entry
date and before administration of afirst vaccination dose (if ever administrated),
while having no evidence of SARS-CoV-2 infection before entry date.

o “Un-Vax negative” (N = 33,850): Individuals with a negative PCR test after entry
date and before administration of afirst vaccination dose (if ever administrated),
while having no evidence of SARS-CoV-2 infection before entry date.

Feature Extraction

For each cohort, we extracted individuals' demographic dataincluding age, sex, ethnicity, and
race. For the vaccinated cohorts, vaccine brand and corresponding administration dates were also
extracted. To approximate available observation time, we extracted the total number of prior
EHR vigits, and days of observation periods between clinical encounters for each individual. We
extracted all previous condition and drug concepts from the condition_era and drug_era tables.
To avoid extracting condition/drug concepts potentially caused by the SARS-CoV-2 infection
itself, we added a 90-day washout period (i.e. ignore all the concepts within the 90-day window
prior to the PCR test regardless of itsresult). To identify individuals who might have
compromised immune systems, we compiled alist of conditions and drugs including active solid
tumor and hematologic malignancies (within two years), solid-organ or hematopoietic stem cell

transplant, primary immunodeficiencies, human immunodeficiency virus (HIV) infection,
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immunosuppressive therapies (e.g., cancer chemotherapeutic agents, certain biologic agents,
rituximab, etc.) and chronic kidney disease (CKD)™ (eTable 1); individuals can fall into
multiple immunocompromised subgroups. To adjust for the caseload in NYC, 7-day rolling
average of cases was applied™. We extracted the clinical outcomes of interest, including
COVID-19 associated hospitalization (defined as within 28 days after, or 72 hours before getting
a positive PCR result), mechanical ventilation, tracheostomy, and death as severe outcomes of
the infection based on the World Health Organization’s clinical progression scale for COVID-
19". Wedid not extract intensive care unit (ICU) admissions because many patients were
admitted into repurposed units for ICU-level care during the pandemic, leading to missing ICU
reporting in the EHR.

I dentifying risk factor s associated with breakthrough infection

We compared the “Vax positive’ and “Vax negative’ cohorts to identify potential risk factors
associated with breakthrough infections (eFigure 1). The entry date was defined as fully
vaccinated date, and individuals were then followed until the first positive PCR date (or end of
the study for “Vax negative” individuals). For each risk factor (e.g., vaccine brand,
demographics, immunocompromised status), a univariate Poisson regression was fit to assess the
incidencerateratio (IRR; i.e., breakthrough per 1,000 person-days) against the reference status.
To minimize potential bias resulting from daily caseload, viral mutations, and EHR data quality,
the Poisson regression was adjusted for: (1) total number of observation daysin the EHR before
the entry date; (2) total number of visitsin the EHR before the entry date; and (3) calendar month
of the PCR test date. We further applied a non-hypothesis-driven approach to uniformly evaluate

the risk effect for each historical condition and drug by fitting a univariate Poisson regression
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with similar adjustment. Condition and drug concepts significantly associated with the

breakthrough infections were identified as < 0.05 Bonferroni adjusted p-value™.

Evaluate vaccine effectiveness in preventing infection by comparing vaccinated individuals
with pre- and un-vaccinated individuals

For the“Vax” cohorts, the entry date was defined similarly to the entry date for the risk factor
analysis. For the“Un-Vax” cohorts, the entry date was defined as Jan 18", 2021 (14 days after
thefirst individual received their second dose at CUIMC/NY P), and individuals were then
followed up until the first positive PCR test (latest for negative individuals) or the date when
they recelved their first dose, whichever camefirst (eFigure 2). We 1.1 matched vaccinated
individuals to unvaccinated individuals using a nearest neighbor search based on (1) observation
days; (2) visit count; (3) calendar week of the PCR test (earliest positive PCR or latest negative
PCR); (4) demographics (e.g., sex, age, race, ethnicity); and (5) immunocompromised status
(binary). The IRRs for the vaccine were estimated via Poisson regressions.

We further identified 1:1 matched individualsin the “Pre-Vax” cohort based on the same
covariates, except for the calendar week of the PCR test, which was replaced by the 7-day rolling
average of casesin NY C at the PCR testing date. Given the difficulty in identifying an
appropriate entry date for the pre-vaccinated cohort, we applied a case/control design to calculate
the odds ratio (OR) of contracting COVID-19 infection between “Vax” cohort and “Pre-Vax”

cohort using logistic regressions.

Evaluate vaccine effectiveness in preventing sever e outcomes among infected individuals
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We compared hazard ratios (HRs) of experiencing severe clinical outcomes between the “Vax
positive’ and matched “Un-Vax positive’/” Pre-Vax positive” cohort (1:10 ratio for each). The
severe outcomes were defined as SARS-CoV -2 associated severe clinical events, including
hospitalization (includes emergency room visits), mechanical ventilation, tracheostomy, and
death (eTable 1). The entry date for each cohort was defined as the earliest qualified PCR
positive test date, and follow-up time ended at either outcome, the last date of the patient’s
visiting records in our medical system, end of study, or 28 days after the PCR positive results,
whichever camefirst. HRs for vaccine effectiveness were estimated via Cox regressions.

RESULTS

Table 1 provides baseline characteristics of the six cohorts (note: someindividuals arein
multiple cohorts at different times). For the “Vax positive” (i.e., breakthrough) cohort, the
average age was 58.5 (SD: 20.3). 156 (78.8%) received Pfizer/BNT162b2, while 42 (21.2%)
received Moderna/mRNA-1273. 65 (45.5%) had underlying immunocompromised conditions.
120 (60.6%) of the patients with breakthrough infections were hospitalized. In general, PCR
positive individuals had a higher number of prior visits and observational days compared to
unvaccinated individuals. For later analyses, we used a matching strategy to balance the

covariates.

The overall estimated breakthrough infection rateis0.16 (95% CI: 0.14 — 0.18). Table 2
summarizes risk factors associated with breakthrough infections. We found a significantly higher
incidence rate in vaccinated males than females (IRR = 1.47; 95% CI: 1.11-1.94). We did not
find any significant change in incidence rate associated with other demographics, though older
and non-Asian individuals are likely to have a higher incidence rate. There was a significant

increase in incidence rate among those vaccinated with Pfizer/BNT162b2 compared to
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Moderna/mRNA-1273 (adj. IRR = 1.66; 95% ClI: 1.17-2.35). Underlying compromised immune
system were significantly associated with high incident rate among vaccinated (adj IRR = 1.48;
95% CI: 1.09-2.00). Those with primary immunodeficiency, history of organ transplant, active
tumor, and use of immunosuppressant medications were at the highest risk. For the underlying
conditions and drug usage analysis, atotal of 1359 and 536 unigue candidate conditions and
drugs available for investigation, respectively (concepts needed a minimum of 100 individuals to
be considered). Table 3 summarizes the top 10 breakthrough infections-associated condition and
drug concepts. In addition to previoudy known conditions and drugs related to
immunocompromised status (e.g., immunodeficiency disorder, valganciclovir), we found
conditions and drugs related to pulmonary disease (e.g. post-inflammatory pulmonary fibrosis,
albuterol) were also among those significantly contributing to the increased breakthrough
infection rate. The full list of associated conditions and drug conceptsis provided in eFile 2.

We analyzed the protective effect of vaccination in the“Vax” cohort using two matched “Pre-
Vax” and “Un-Vax” cohorts. When comparing the “Vax” cohort with the “Pre-Vax” cohort, the
risk of COVID-19 infection in vaccinated individuals was significantly lower (adj OR = 0.12, 95%
ClI: 0.10- 0.13), which was also the case when stratifying by age, gender, and
immunocompromised status (eTable 1). Similarly, we found a significant reduction in incidence
rate (adj IRR = 0.42, 95% ClI: 0.36-0.49) when comparing the “Vax” cohort with the “Un-Vax”
cohort (eT able 2); Similar observations were found across age, sex and immunocompromised
status subgroups.

A longitudinal analysis was performed to investigate how the effectiveness of vaccines was
changed over time. We calculated the cumulative incidence and incident rate at for different

ranges of timeto vaccination for both vaccines. Both vaccines showed an increasing incidence
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rate with the increased time to vaccine (Figure 2A, 2B and eT able 3), especialy 120 days after
fully vaccination. We also calculated the cumulative incidence and incident rate at different
calendar month (starting from 2021-1-18; Figure 2C, 2D and eT able 4). The peaks of incidence
rate observed are corresponding to the changes in the COVID variant rates in NY C, changing
local mitigation measures, differencesin the vaccinated population over time"’.

In addition to studying the effectiveness of vaccination in preventing infection, we investigated
whether there were differencesin the risk of experiencing severe clinical outcomes for infected
individuals from the “Vax” cohort when compared to a matched “Pre-Vax” cohort (eT able 5)
and “Un-Vax” cohort (eT able 6). No tracheostomies were found in breakthrough individuals.
Comparing the “Pre-Vax” positive cohort to the “Vax” positive cohort, we found a significant
reduction in death (adj HR = 0.20, 95% CI: 0.08-0.49). When comparing the vaccinated and
unvaccinated cohorts, the hazard was significantly decreased for death (adj HR = 0.41; 95% CI:

0.17-1) and hospitalization (adj HR = 0.72; 95% CI: 0.6-0.87).
DISCUSSION

Given the high level of missingness typically found in EHR data, it is challenging to estimate the
absolute incidence rate of breakthrough infections. In our study, the incidence rate among the
vaccinated cohort is estimated to be 0.16 per 1,000 person-days. This potentially overestimates
the incidence rate (particularly in comparison to 0.031 in Israel’s national surveillance data®®,
~0.01 in the original Pfizer/BNT162b2 and Moderna/mRNA-1273 trials™*°) because we
imposed a criterion to only include those who have at least one PCR test available, whichisalso
called test-negative design®. If we remove this requirement, the incidence rate among the
vaccinated cohort becomes ~0.007 per 1,000 person-day. However, this could be underestimated

because some of the SARS-CoV-2 infected individuals might have been tested elsewhere or not
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at al. Similarly, thereisapossible proportion of patientsin our unvaccinated cohort that could
be vaccinated elsewhere as their vaccination records would not be captured in either our medical
system or city registry, thus contributing to lower effectiveness estimations. Our longitudinal
study showed a high incidence rate in a short period after full vaccination, but a chart review
found many of them as asymptomatic that tested positive during admission COVID PCR

screening, suggesting infection before full vaccination.

While our data support previous studies on weaker immune responses in solid fully vaccinated
organ transplant recipients”?, immunosuppressive therapy could be the major factor
contributing to the higher incidence rate among vaccinated individuals. Despite an overall higher
breakthrough infection rate in the individuals with active tumors, our sensitivity analysisfound a
non-statistically significant increase for individuals with history of tumors, suggesting that
individuals who have fully removed their malignancy or are no longer on chemotherapy may not
have a higher risk of getting infected after vaccination. An ongoing study (RECOVAC-IR study)
aims to provide further guidance regarding efficacy of vaccinesin kidney patients or whether
other measures, like booster vaccinations, are required®. Our data did not find a significantly
increased risk for individuals with chronic kidney disease to have a breakthrough infection, but
did reveal increased risk for individuals with prior lung infection and chronic pulmonary diseases.
A potential explanation isthe microbiome changes within the lung that play a key rolein the
initiation and progression of COVID-19%>%, We also found individuals with Alzheimer’s disease
were associated with an increased risk of infection among vaccinated individuals, which might
be due to their frailty and medical vulnerability, and adhering to infection control measures such

as physical distancing®.
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While our finding reaffirmed the high protection of mRNA vaccines against COVID-19 infection,
our longitudinal study found an increased incidence rate in both vaccines over the time. We
found Modernad§mRNA-1273 had an overall higher effectiveness in preventing SARS-CoV-2
infections, which is consistent with arecent Mayo Clinic study up to July®® despite study design
differences (e.g., in Mayo’s study, all vaccinated patients with or without a PCR test were
included in incidence ratio calculation) and regional differences (Minnesotavs. NYC). Smilarly,
arecent study comparing the SARS-CoV -2 antibody response following vaccination found
higher antibody titers in participants vaccinated with mRNA-1273 compared with those
vaccinated with Pfizer/BNT16202%°. While our results indicate those vaccinated with
Pfizer/BNT162b2 may need to be prioritized for a future booster shot, a recent prospective
study*® involving 3,975 individuals up to April 2021 demonstrated no differences between
vaccine effectiveness in preventing infection and found ssmilar efficacy. Additional studies
should be considered to provide further guidance on effectiveness differences between vaccine

brands and booster shot prioritization.

Previous studies have shown both vaccines provide excellent protection against severe outcomes
in the general population'®?***2_ This protection consists of preventing infection and preventing
severe outcome once individuals were infected, although it is currently not well reported whether
vaccines can reduce the likelihood of devel oping severe outcomes once individuals are already
infected. Israeli data shows that in those over the age of 65, 1,826 (32%) out of 5,686
unvaccinated infected individuals were later hospitalized dueto COVID-19 compared to 451
(20.5%) out of 2,201 vaccinated infected individuals'®. Another study found, anong people aged
80 years and older, the proportion of hospitalizations is 9.14% in the vaccinated and 15.35% in

the unvaccinated®. Our data found the hospitalization rate is ~60% in vaccinated infected
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individuals and 62-78% in unvaccinated ones; this high hospitalization islikely a result of EHR
data capturing sicker patients as 35-44% of the vaccinated COVID-19 negative cases were also
hospitalized in our data. Additionally, our hospital system tests all patients for SARS-CoV-2 at
the time of admission, meaning many were hospitalized for other reasons and could have

asymptomatic or mild infections that would otherwise not have been hospitalized.
Limitations

In addition to the aforementioned limitations of contamination in the unvaccinated cohort and
inability of our data capturing individual’s entire medical history, there are other limitations.
First, CUIMC/NY P is an academic medical center in NY C, which might not represent the
general American population or other potential patient groups of interest. In particular, the
overall population in our study are likely sicker than the general population. Second, despite
adopting atest-negative design, we were still unable to confirm if negative cases were truly
negative (e.g. tested positive elsewhere). Finally, we did not link our analysis with the delta

variants which contributed to a surge in the caseload in New Y ork City™.
Conclusion

We performed a retrospective analysis to investigate risk factors contributing to COVID-19
breakthrough infections among vaccinated individuals. We found those who are male,
immunocompromised, and with pulmonary disease are at a higher risk of COVID-19 infection
after being fully vaccinated. Although both vaccines are highly effective in preventing SARS-
CoV-2 infection, Moderna/mRNA-1273 was associated with a lower risk of infection than
Pfizer/BNT162b2. Thereis areduction of protectiveness in both vaccines over the time. Larger

studies that leverage multiple medical institutions’ data are warranted to better link the PCR test
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results and vaccination information. Those with an OMOP instance of their data can reapply our

analysis to check robustness of our results (https://github.com/\WengL ab-

| nformati csResearch/Covid19-Breakthrough).
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“Vax” cohort “Un-Vax” cohort “Pre-Vax” cohort

Vax positive Vax negative Un-Vax positive | Un-Vax negative | Pre-Vax positive | Pre-Vax negative
N 198 14164 3902 33850 6462 55580

Either mean (SD) or N (%)
Previous encounters 80 (124.75) 65.7 (121.91) 64 (121.15) 44.4(91.4) 70.6 (127.86) 452(95.0)
Observational days 5470 (3909.61) | 5425.2(3843.99) | 5940.6 (4045.09) | 4999.3(3799.28) | 5942.1(3978.71) | 4932.6 (3672.63)
AGE 585 (20.34) 594 (18.86) 54.2 (20.06) 50.9 (19.73) 58.9 (19.46) 52.2(19.79)
Sex
Femdle 110(55.6%) 9010(63.6%) 2199(56.4%) 21065(62.2%) 3293(51%) 34563(62.2%)
Male 88(44.4%) 5153(36.4%) T702(43.6%) 12765(37.7%) 3168(49%) 21009(37.8%)
Unknown/Other 0 (0%) 1(0%) 1(0%) 20(0.1%) 1(0%) 8(0%)
Race
Asian 3(15%) 545(3.8%) 73(1.9%) 804(2.4%) 132(2%) 2021(3.6%)
Black 30(15.2%) T851(13.1%) 831(21.3%) 7046(20.8%) 1231(19%) 9218(16.6%)
White 88(44.4%) 6325(44.7%) 887(22.7%) 9740(28.8%) T779(27.5%) 20816(37.5%)
Unknown/Other 77(38.9%) 5443(38.4%) 2I11(54.1%) T6260(48%) 3320(51.4%) 23575(42.3%)
Ethnicity
Hispanic or Lafino 58(29.3%) 3932(27.8%) T840(47.2%) 12081(35.7%) 2823(@3.7%) T5018(27%)
Not Hispanic or Laiino T0I(51%) 7571(53.5%) 1339(34.3%) T4512(42.9%) 202434 2%) 27194(48.9%)
Unknown/Other 39(19.7%) 2661(18.8%) 723(185%) 725721.2%) T415(21.9%) 13363(24.1%)
Vaccine Brand
Moderna/mRNA-1273 22(21.2%) 4626(32.7%) N7A N/A N/A N/A
Pfizer/BNT162b2 156(78.8%) 9538(67.3%) N/A N/A N/A N/A
immunocompr omised1
Solid tumor 46(23.2%) 2354(16.6%) 27A(T%) 2826(8.3%) 629(9.7%) 6702(12.1%)
Chronic Kidney Disease 28(14.1%) 1486(10.5%) 364(9.3%) 2124(6.3%) 910(14.1%) 4098(7.4%)
HIV 9(4.5%) 478(3.4%) 114(2.9%) 982(2.9%) 190(2.9%) 1603(2.9%)
On immunosuppressive therapy | 13(6.6%) 362(2.6%) 74(1.9%) 616(1.8%) 156(2.4%) 1248(2.2%)
mmunodeficiency disorders 29(24.7%) 2545(18%) 370(9.5%) 3124(9.2%) 759(11.7%) 6660(12%%)
Organ transplant 10(5.1%) 366(2.6%) 108(2.8%) 610(1.8%) 244(3.8%) 1288(2.3%)
None 108(54.5%) 9031(63.8%) 3072(78.7%) 26835(79.3%) 4641(71.8%) A1150(74%)
Severe outcomesl
Deaih 5(25%) 157(1.1%) T70(4.2%) 455(1.3%) 715(11.1%) 600(1.1%)
Tracheosiomy 0 (0%) 5(0%) 16(0.4%) 22(0.1%) 69(1.1%) 31(0.1%)
Ventilation 9(4.5%) T130(0.9%) 249(6.4%) 394(1.2%) 560(8.7%) 502(0.9%)
Hospitalization T120(60.6%) 6260(44.2%) 3031(77.7%) 18336(54.2%) 4010(62.1%) 19579(35.2%)
None 77(38.9%) 7858(55.5%) 865(22.2%) 15422(45.6%) 2317(35.9%) 35847(64.5%)

Tthese are not mutually exclusive (except for the“None” category)
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Table 2. Risk factor s associated with breakthrough caseratein CUIMC/NYP.

Risk Factors 1508952/;’;;_) dgeyrs IRR (95% CI)* p-value A?é;;egl')'?f p-value adj
Overall 0.16 (0.14 —0.18)
Age
Age <= 65 0.16 (0.13-0.2) Ref Ref
Age > 65 0.15 (0.12-0.19) 1.28 (0.916-1.78) 0.149
Race
Asian 0.06 (0.01-0.18) Ref Ref
Black 0.19 (0.13-0.27) 3.25 (0.988-10.7) 0.052
White 0.15 (0.12-0.19) 2.9 (0.913-9.19) 0.071
Other/Unknown 0.17(0.13-021) | 2.88(0.906-9.18) 0.073
Ethnicity
Hispanic or Latino 0.18 (0.13-0.23) Ref Ref
Not Hispanic or Laino 0.15(0.12-0.18) | 0.852 (0.602-1.21) 0.365
Other/Unknown 017 (0.12-0.23) | 0.913(0.595-1.4) 0.676
Sex
Female 0.14 (0.11-0.17) Ref Ref
Male 0.19 (0.16-0.24) 1.47 (1.11-1.94) 0.008
Vaccine brand
ModernaymRNA-1273 0.1(0.07-0.14) Ref Ref Ref Ref
Pfizer/BNT162b2 0.19 (0.16-0.22) 1.65 (1.17-2.33) 0.005 1.66 (1.17-2.35)° 0.004
Immune system
Not immunocompromised 0.14 (0.11-0.17) Ref Ref Ref Ref
Is immunocompromised 0.19 (0.15-0.24) 1.49 (1.1-2) 0.009 1.48 (1.09-2) 0.011
Active tumor 0.22 (0.16-0.29) 1.57 (1.11-2.21) 0.010 1.56 (1.1-2.2) 0.012
CKD 0.2 (0.13-0.29) 1.35 (0.887-2.07) 0.160 1.33 (0.864-2.06) 0.194
HIV 0.21 (0.1-0.4) 1.24 (0.628-2.44) 0.538 1.25 (0.634-2.47) 0.518
On immunosuppressed
therapy 0.21 (0.16-0.28) 1.46 (1.03-2.05) 0.031 1.45 (1.03-2.04) 0.033
Primary
immunodeficiency 0.4 (0.21-0.68) 2.55 (1.41-4.6) 0.002 2.53 (1.4-4.58) 0.002
Organ transplant 0.31 (0.15-0.57) 1.9 (0.976-3.71) 0.059 1.9 (0.977-3.71) 0.058

! Adjusted for number of visits, days of previous observation, calendar month of the PCR test

result;

2 Adjusted for number of visits, days of previous observation, calendar month of the PCR test

result and age at last vaccine dosg;

3 Adjusted for number of visits, days of previous observation, calendar month of the PCR test

result, age at last vaccine dose and whether immune system is compromised,
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Table 3. Top 10 (ranked by p-value) condition and drug concepts associated with

breakthrough casesin “Vax” cohort in CUMC/NYP.

OMOP Concept ID* IRR (95% CI)? p-value Condition name
Conditions
315831 4.07 (2.07-7.99) <0.001 Chronic pulmonary heart disease
4228361 2.6 (1.56-4.33) <0.001 Asteatosis cutis
433740 3.62 (1.81-7.22) <0.001 Immunodeficiency disorder
253797 3.34 (1.69-6.59) <0.001 Pogt-inflammatory pulmonary fibrosis
4177206 3.84(1.78-8.28) 0.001 Tubulointerstitial nephritis
378419 3.5(1.68-7.28) 0.001 Alzheimer's disease
257315 2.97 (1.5-5.87) 0.002 Bacterial pneumonia
4170770 2.45(1.39-4.32) 0.002 Epidermoid cyst
443729 2.78 (1.45-5.36) 0.002 Peripheral circuiaary disorder duetotype 2
44782747 3.62 (1.58-8.27) 0.002 Acute deep venous thrombosis of femoral vein
Drugs
1703063 4.33 (1.92-9.76) <0.001 valganciclovir
715997 2.91 (1.5-5.65) 0.002 donepezil
1325608 3.62 (1.54-8.49) 0.003 pegfilgrastim
19008339 3.27 (1.42-7.53) 0.005 vitamin A
1317640 3.18 (1.4-7.24) 0.006 telmisartan
1154343 1.56 (1.13-2.15) 0.007 albuterol
40239216 3.01 (1.32-6.86) 0.009 linagliptin
1341927 2.21(1.21-4.02) 0.010 enalapril
1149196 1.93 (1.17-3.17) 0.010 cetirizine
19003999 2.77 (1.27-6.04) 0.010 mycophenolate mofetil

TOnly concepts that occurred in more than 100 individuals were included in this analysis.
*Poi sson regression was fitted for each variable with adjustment for age, number of visits, and
observational days.
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Figure Legend

Figure 1. Cohort construction diagram and study overview. Vaccines records were obtained
both from CUIMC EHR dataand the NY C vaccine registry. Only fully vaccinated individuals
with mRNA vaccines were included. Individuals Individual with positive SARS-CoV- PCR test,
apositive SARS-CoV-2 antibody test, or a concept indicating a SARS-CoV-2 infection in the
condition table were flagged as having evidences of SARS-CoV-2 infection. No COVID
evidences were required before entering the cohort for positive individuals and before exiting the
cohort for negative individuals. Only age > 18 and NY C residents were included in this analysis.
“vax”: Individuals 14 days after receiving their second doses who considered as fully vaccinated,
“EUA”: The date first dose of vaccineis administrated (i.e. Dec 11 2021); “1% Dose”: the date of
the individual was administrated higher first (including J&J) vaccine dose (or end of study if

vaccine was not ever administrated).

Figure 2. Comparison of incidencerate change along the time to vaccination and across
calendar months. (A) The cumulative incidence of breakthrough cases along the time to fully
vaccination; (B) Theincidence rate change along the timeto fully vaccination. (C) The
cumulative incidence of breakthrough cases over the calendar months; (D) The incidenceratein

each calendar month.
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Supplementary

eFile 1. Thelist of OMOP concepts used for the cohort identification, event ascertainment, and
retrieval of measurements

eFile 2. Full list of potential underlying conditions and drug usage associated with breakthrough
eventsin vaccinated cohortsin CUMC/NY P

eTable 1. Vaccine effectiveness against SARS-CoV-2 infection comparing “Vax” cohort to a
matched “Pre-Vax” cohort before Dec 11th, 2020.

eTable 2. Vaccine effectiveness against SARS-CoV-2 infection comparing “Vax” cohort to a
matched “Un-Vax” cohort after Jun 18th, 2021.

eTable 3. Change of Incidence rate from time to fully vaccination.

eTable 4. Distribution of incidence rate from January 2021 to September 2021.

eTable5. Vaccine effectiveness against COVID-19 associated severe outcomes in breakthrough
cohort compared to matched historical COVID-19 infection cohort.

eTable 6. Vaccine effectiveness against COVID-19 associated severe outcomes in the
breakthrough cohort compared to a matched unvaccinated COVID-19 infection cohort.

eFigure 1. Diagram shows the study design in identifying risk factors for breakthrough events by
comparing PCR positive cases and PCR negative cases among vaccinated individuals.

eFigure 2. Diagram shows the study design in assessing the vaccine effectiveness by comparing
vaccinated cohort and a matched pre-vaccinated cohort

eFigure 3. Diagram shows the study design in assessing the vaccine effectiveness by comparing

vaccinated cohort and a matched unvaccinated cohort


https://doi.org/10.1101/2021.10.05.21264583
http://creativecommons.org/licenses/by-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2021.10.05.21264583; this version posted October 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-ND 4.0 International license .

Reference:

1.

2.

No

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

Baden LR, El Sahly HM, Essink B, et al. Efficacy and safety of the mRNA-1273 SARS-
CoV-2 vaccine. N Engl J Med. 2021;384(5):403-416.

Polack FP, Thomas SJ, Kitchin N, et al. Safety and efficacy of the BNT162b2 mRNA
Covid-19 vaccine. N Engl J Med. 2020.

Sadoff J, Gray G, Vandebosch A, et a. Safety and efficacy of single-dose Ad26. COV 2.
Svaccine against Covid-19. N Engl J Med. 2021;384(23):2187-2201.

Centers for Disease Control and Prevention. COVID Data Tracker.
https:.//covid.cdc.gov/covid-data-tracker/#vaccinations. Published 2021. Accessed
08/10/2021.

COVID C, Team VBCI, COVID C, et . COVID-19 Vaccine Breakthrough Infections
Reported to CDC—United States, January 1-April 30, 2021. Morbidity and Mortality
Weekly Report. 2021;70(21):792.

Prevention CfDCa. Defining a vaccine breakthrough infection. 2021.

Hacisuleyman E, Hale C, Saito Y, et a. Vaccine breakthrough infections with SARS-
CoV-2 variants. N Engl J Med. 2021;384(23):2212-2218.

Bergwerk M, Gonen T, Lustig Y, et al. Covid-19 Breakthrough Infectionsin Vaccinated
Health Care Workers. N Engl J Med. 2021.

Brosh-Nissimov T, Orenbuch-Harroch E, Chowers M, et al. BNT162b2 vaccine
breakthrough: clinical characteristics of 152 fully vaccinated hospitalized COVID-19
patientsin Israel. Clinical Microbiology and Infection. 2021.

Rosenberg ES, Holtgrave DR, DorabawilaV, et al. New COVID-19 cases and
hospitalizations among adults, by vaccination status—New Y ork, May 3-July 25, 2021.
Morbidity and Mortality Weekly Report. 2021;70(37):1306.

Thompson MG, Stenehjem E, Grannis S, et al. Effectiveness of Covid-19 Vaccinesin
Ambulatory and Inpatient Care Settings. N Engl J Med. 2021.

Burn E, You SC, Sena AG, et al. Deep phenotyping of 34,128 adult patients hospitalised
with COVID-19 in an international network study. Nature communications.
2020;11(1):1-11.

Oliver S. Data and clinical considerations for additional doses in immunocompromised
people. 2021.

New York City DoH. COVID-19: Data. 2021.

Marshall JC, Murthy S, Diaz J, et a. A minimal common outcome measure set for
COVID-19 clinical research. The Lancet Infectious Diseases. 2020;20(8):€192-e197.
Benjamini Y, Yekutidli D. The control of the false discovery rate in multiple testing
under dependency. Annals of statistics. 2001:1165-1188.

AnnavailhalaMK, Mohri H, Wang P, et al. Emergence and expansion of SARS-CoV-2
B.1.526 after identification in New Y ork. Nature. 2021.

Haas EJ, Angulo FJ, McLaughlin JM, et al. Impact and effectiveness of mMRNA
BNT162b2 vaccine against SARS-CoV-2 infections and COVID-19 cases,
hospitalisations, and deaths following a nationwide vaccination campaign in Israel: an
observational study using national surveillance data. Lancet. 2021;397(10287):1819-1829.
Baden LR, El Sahly HM, Essink B, et a. Efficacy and Safety of the mRNA-1273 SARS-
CoV-2 Vaccine. N Engl J Med. 2021;384(5):403-416.



https://doi.org/10.1101/2021.10.05.21264583
http://creativecommons.org/licenses/by-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2021.10.05.21264583; this version posted October 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

It is made available under a CC-BY-ND 4.0 International license .

Polack FP, Thomas SJ, Kitchin N, et a. Safety and Efficacy of the BNT162b2 mRNA
Covid-19 Vaccine. N Engl J Med. 2020;383(27):2603-2615.

ChuaH, Feng S, Lewnard JA, et al. The Use of Test-negative Controls to Monitor
Vaccine Effectiveness: A Systematic Review of Methodology. Epidemiology.
2020;31(1):43-64.

Boyarsky BJ, Werbel WA, Avery RK, et a. Antibody Response to 2-Dose SARS-CoV-2
MRNA Vaccine Seriesin Solid Organ Transplant Recipients. JAMA. 2021;325(21):2204-
2206.

Marion O, Del Bello A, Abravand F, et al. Safety and Immunogenicity of Anti-SARS-
CoV-2 Messenger RNA Vaccinesin Recipients of Solid Organ Transplants. Ann Intern
Med. 2021.

Kho MML, Reinders MEJ, Baan CC, et al. The RECOVAC IR study: the immune
response and safety of the mRNA-1273 COVID-19 vaccinein patients with chronic
kidney disease, on dialysis or living with a kidney transplant. Nephrol Dial Transplant.
2021;36(9):1761-1764.

Y uki K, Fujiogi M, Koutsogiannaki S. COVID-19 pathophysiology: A review. Clin
Immunol. 2020;215:108427.

Boutin S, Hildebrand D, Boulant S, et al. Host factors facilitating SARS-CoV-2 virus
infection and replication in the lungs. Cell Mol Life Sci. 2021,;78(16):5953-5976.

Keng A, Brown EE, Rostas A, et al. Effectively Caring for Individuals With Behavioral
and Psychological Symptoms of Dementia During the COVID-19 Pandemic. Front
Psychiatry. 2020;11:573367.

Puranik A, Lenehan PJ, Silvert E, et al. Comparison of two highly-effective mRNA
vaccines for COVID-19 during periods of Alphaand Delta variant prevalence. medRXxiv.
2021.

Steensels D, Pierlet N, Penders J, Mesotten D, Heylen L. Comparison of SARS-CoV-2
Antibody Response Following Vaccination With BNT162b2 and mRNA-1273. JAMA.
2021.

Thompson MG, Burgess JL, Naleway AL, et al. Prevention and Attenuation of Covid-19
with the BNT162b2 and mRNA-1273 Vaccines. N Engl J Med. 2021;385(4):320-329.
Xia§, Duan K, Zhang Y, et al. Effect of an Inactivated Vaccine Against SARS-CoV-2 on
Safety and Immunogenicity Outcomes: Interim Analysis of 2 Randomized Clinical Trials.
JAMA. 2020;324(10):951-960.

Havers FP, Pham H, Taylor CA, et a. COVID-19-associated hospitalizations among
vaccinated and unvaccinated adults> 18 years-COVID-NET, 13 states, January 1-July 24,
2021. medRxiv. 2021.

Lopez Bernal J, Andrews N, Gower C, et al. Effectiveness of the Pfizer-BioNTech and
Oxford-AstraZeneca vaccines on covid-19 related symptoms, hospital admissions, and
mortality in older adults in England: test negative case-control study. BMJ.
2021;373:n1088.


https://doi.org/10.1101/2021.10.05.21264583
http://creativecommons.org/licenses/by-nd/4.0/

Cumulative incidence count

Cumulative incidence count

150-

100~

50 100 150 200
Time to fully vaccinated (days)
(©)

1000-
750=
500~

250-

o-—-.

TN S

F S XS g
o &SP
Q Q Q q/Q q/Q

9 g
o q/Q Q
Calendar month

0‘""/@ &

&
q/Q

250

Inccidence rate per 1000 person—days

Incidence rate per 1000 person-days

0.15-
0.10-
0.05-

0.00-
0 50 100 150 200 250
Time to fully vaccinated (days)

©)

1-

- ,_JJJJJ

B @%6\%/{,’ B P
S SN
N NN
s Q@ @ @ @ Q@ A
Calendar month

—— moderna

— pfizer

. moderna
. pfizer
. Un-Vax


https://doi.org/10.1101/2021.10.05.21264583
http://creativecommons.org/licenses/by-nd/4.0/

CUIMC/NYP EHR

Up to 2021-09-21

Received at least
one vaccine dose
(336,236)

1

Fully vaccinated
(227,617)

!
R
R
-

PCR Positive
(17,923)

Covid Evidence
(61,694)

PCR Negative
(21,1246)

SN

PCR positive after vax

No COVID evidence

before vax

PCR negative after vax

(24,760)

No any COVID

Vax positive
(198)

Vax negative

evidence

(14,164)

Pre-vax positive
(6,462)

Pre-vax negative

(18,683)
PCR Positive before
EUA
8,770
PCR negative before No COVID evidence
EUA > before EUA
(117,848) (95,793)
PCR positive after No COVID evidence
EUA & before 1st Dose mmg before EUA
5,457

PCR negative after
EUA & before 1st Dose --»

(74,726)

No COVID evidence
before 1st Dose

Age > 18 & NYC residents

(55,580)

Un-vax positive
(3,902)

Un-vax negative

(33,850)

(63,208)



https://doi.org/10.1101/2021.10.05.21264583
http://creativecommons.org/licenses/by-nd/4.0/

